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Hydrochemical sampling of South Pennine (UK) headwater streams draining eroded upland peatlands
demonstrates these systems are nitrogen saturated, with signiﬁcant leaching of dissolved inorganic nitrogen
(DIN), particularly ammonium, during both stormﬂow and baseﬂow conditions. DIN leaching at sub-
catchment scale is controlled by geomorphological context; in catchments with low gully densities
ammonium leachingdominateswhereas highlygullied catchments leach ammoniumandnitrate since lower
water tables and increased aeration encourages nitriﬁcation. Stormﬂow ﬂux calculations indicate that:
approximately equivalent amounts of nitrate are deposited and exported; ammonium export signiﬁcantly
exceeds atmospheric inputs. This suggests two ammonium sources: high atmospheric loadings; and min-
eralisation of organic nitrogen stored in peat. Downstream trends indicate rapid transformation of leached
ammonium into nitrate. It is important that low-order headwater streams are adequately considered when
assessing impacts of atmospheric loads on the hydrochemistry of streamnetworks, especiallywith respect to
erosion, climate change and reduced precipitation.
 2012 Elsevier Ltd. Open access under CC BY license.1. Introduction
There has been signiﬁcant recent attention on the nitrogen
leaching characteristics of upland catchments (Curtis et al., 2005;
Helliwell et al., 2007a, 2007b; Futter et al., 2009). Nitrogen leaching
into the surface waters of undamaged systems is usually minimal
(Emmett et al., 1994), but in high nitrogen depositional areas
acid upland soils can eventually become saturated resulting in some
leakage and the acidiﬁcation of soils and surface waters (Curtis and
Simpson, 2001; DEFRA, 2002). Nitrogen saturation is deﬁned as the
availability of ammonium and nitrate in excess of total combined
plant and microbial nutritional demand (Aber et al., 1989), and
occurs when the supply of nitrogenous compounds from the atmo-
sphere exceeds the demand for these compounds on the part of
watershed plants and soilmicrobes (Stoddard,1994). Catchments are
often considered nitrogen saturated: if mean nitrogen concentra-
tions exceed 5 meq L1 (Harriman et al., 1998); or the availability of
ammonium and nitrate is in excess of total combined plant and
microbial nutritional demand (Aber et al., 1989). Under background
levels of nitrogen deposition the seasonal pattern in stream water
nitrate concentrations typically changes from winter maximums to
summerminimums.When saturated, however, this seasonal pattern
can bemuted or reversed (i.e. Stoddard,1994; Helliwell et al., 2007b).).
 license.Although leaching of nitrate has been a problem with lowland
improved sites for many years due to agricultural inputs (DEFRA,
2002), it is also observed in some natural and semi-natural upland
sites in the UK where agricultural inputs are not present. For
example, leaching of nitrate was identiﬁed at 16 of the 20 United
Kingdom Acid Waters Monitoring Network (UKAWMN) sites during
2005e2006, with mean concentrations at some sites exceeding
40 meq L1 (Shilland et al., 2006). Furthermore, at half of these sites
concentrations of nitrate occasionally exceeded those of sulphate,
indicating the growing importance of nitrate to acidiﬁcation status
(Curtis et al., 2005). Signiﬁcant nitrate leaching was also identiﬁed
by Helliwell et al. (2007a) in chemical surveys of upland freshwaters
in the South Pennines, Snowdonia, Galloway and the Mourne
Mountains. Clear relationships are observed between surface water
concentrations and total deposition, suggesting that soils and
surface waters in these regions are at an advanced stage of nitrogen
saturation (Allott et al., 1995; NEGTAP, 2001; Curtis et al., 2005;
Helliwell et al., 2007b).
Typically, leached nitrogen is present in surfacewaters as nitrate
and the contribution of ammonium to total inorganic nitrogen
loss is minimal due to plant uptake, adsorption or nitriﬁcation
of ammonium (Chapman and Edwards, 1999) as well as microbial
nutritional demand (Aber et al., 1989). In upland catchments
ammonium can be present as a result of high atmospheric loading
(Evans et al., 2000; Evans and Monteith, 2001; DEFRA, 2002), or
from themineralisation of organic nitrogen as a result of ﬂuctuating
water tables (INDITE, 1994; Paul and Clark, 1996). In naturally acidic
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the microbial biomass and is not leached (DEFRA, 2002). There is
however now evidence from a number of studies that breakdown
of the nitrogen cycle in some naturally acidic upland soils with
heavy atmospheric nitrogen loads has progressed to the point
where ammonium is being leached into surface waters in addition
to nitrate (Curtis and Simpson, 2001; Helliwell et al., 2007a, 2007b;
Cresser et al., 2005). For example, Helliwell et al. (2007b) observed
elevated concentrations of ammonium in surface waters in the
South Pennines (up to 27 meq L1); Snowdonia (up to 5.9 meq L1);
Galloway (up to 4.6 meq L1); and Mournes (up to 11 meq L1).
Of these regions the highest surface water ammonium
concentrations have been observed in the South Pennines (Curtis
et al., 2005; Helliwell et al., 2007b; NEGTAP, 2001), a region
which has received persistent, high nitrogen loadings (Evans et al.,
2000; Evans and Monteith, 2001; DEFRA, 2002). Importantly,
these observations have typically come from reservoir systems or
relatively large stream systems (third order or higher) rather than
the low-order stream systems that dominate the headwaters but
are often neglected in environmental assessments (Bishop et al.,
2008). The headwaters of the South Pennines are also charac-
terised by eroded peatlands and associated gully development
(Tallis, 1964, 1995, 1997). Investigations into water table variability
and streamwater hydrochemistry have demonstrated that signiﬁ-
cant depressions in water table elevation at peatland gully edge
locations inﬂuence ﬂow pathways with respect to areas of intact
blanket peat (Daniels, 2006; Daniels et al., 2008a) and also impact
on streamwater hydrochemistry (Daniels et al., 2008b).
This paper presents results from a series of hydrochemical
surveys of low-order upland headwater streams in the South Pen-
nines as well as ﬁeld monitoring of stream discharge and peatland
water table elevation. These surveys are used to: examine the rela-
tionship between inorganic-N deposition, inorganic-N leaching and
inorganic-N speciation in streams draining South Pennine blanket
peat; evaluate the relative magnitudes of ammonium and nitrate
leaching; and informon howpersistently lowwater table conditionsFig. 1. Location maps of the regional survey catchments showing (inset) the sites in the U
stormﬂow sampling.in the vicinity of erosional gullies inﬂuence the nitrogen status of
these surface waters.
2. Materials and methods
This research took place during 2004 and formed part of a larger study exam-
ining the effects of atmospheric pollution and hydrology on the hydrochemistry of
South Pennine headwater streams (Daniels, 2006; Daniels et al., 2008a, 2008b).
2.1. Field sites
The headwater sub-catchments surveyed for this project are all locatedwithin the
Peak District National Park in northern England (Fig. 1). Climate for the region is sub-
Arctic oceanic, with a mean annual rainfall of 1554 mm yr1 (1962e2004) (Daniels,
2006). None of the sub-catchments have undergone agricultural improvement,
although there is some low-density sheep grazing. They are covered with acid-
sensitive ombrotrophic peat with a vegetative cover comprising predominantly
Eriophorum vaginatum, Calluna vulgaris, Erica tetralix, Vaccinium myrtillus, Empetrum
nigrum and patches of Sphagnum spp. The peats typically attain thicknesses of around
2e4 m, and lie on Carboniferous Namurian Millstone Grit Series sandstones and
shales. There is often a thin, discontinuous peri-glacial head deposit that separates the
peat from the solid geology. No mineralised metal deposits or historical mining
activity were evident. The South Pennines is a regionwith high atmospheric nitrogen
loading, with deposition of nitrate at Wardlow Hay Cop e which is located 20 kms
to the southesouth-east of the study sites e showing a negligible decline from
36.0 kgNhayr1 in 1990 to 33.6 kgN hayr1 in 2004,whilst deposition of ammonium
has decreased from 47.2 kg N ha yr1 to 44.4 kg N ha yr1 over the same period
(www.aeat.co.uk).
2.2. Field measurements
Three hydrochemical surveys were performed during 2004; a between-site
regional survey of baseﬂow conditions in ﬁrst order upland headwater catch-
ments; a set of within-site spatial surveys of baseﬂow conditions in a headwater
catchment (second order stream); and a stormﬂow survey of a ﬁrst order upland
stream.
The regional baseﬂow survey of headwater sub-catchments took place in the
Dark Peak area of the South Pennines on 8th June 2004. The survey comprised 27
small ﬁrst order stream sub-catchments draining areas of blanket peat within
the following catchments; Ashway Clough, Black Chew Grain, Hern Clough, Oyster
Clough, Small Clough, Torside Clough and the Upper North Grain (Fig. 1).
Sub-catchments ranged in altitude from 422 to 633 m asl with areas ranging from
74.5 ha to 419.6 ha. This survey was performed following a period of some 31 dayspper North Grain baseﬂow survey, the geogenic water sources and the weir used for
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low and when the mean antecedent precipitation index (Foster, 1979) was 12.3 mm
for the preceding 10 days (Fig. 2). Gully erosion is evident in most of the catchments.
Evaluation of gully density using a three class system based on satellite imagery
(see Daniels et al., 2008b) shows that catchment gullying is most pronounced in
Torside Clough, Black Chew Grain and Hern Clough, with Small Clough and Oyster
Clough being least affected. The Upper North Grain and Ashway Clough have
intermediate densities of gullying. Streamwater samples were collected using clean,
new 500 ml polypropylene (Nalgene) bottles that had been pre-rinsed with
streamwater three times. Samples were refrigerated within 6 h of collection.
The within-site spatial baseﬂow surveys were also performed in the Upper
North Grain catchment, when low water table elevations were observed in the
catchment andwhen the antecedent precipitation index (Foster, 1979) was<20mm.
The surveys were performed in August 2003, February 2004 and May 2004
at several points along the stream in order to assess downstream trends in hydro-
chemistry in the uppermost 1.5 km of the stream system (Fig. 1 inset).
The within-site stormﬂow sampling of peat drainage runoff was performed in
a ﬁrst order headwater stream located within the same catchment. A “V” notch
weir was located (UK grid reference 4109 3939) within an erosional gully where
stream discharge consists solely of peat drainage (Daniels, 2006; Daniels et al.,
2008a, 2008b). The erosional gully had a peat base, and the low concentrations of
base-cations present in gully discharge indicated there was no geogenic water
contribution since geogenic waters in the catchment possess high concentrations of
base-cations (Daniels, 2006). The drainage area for the weir was 0.82 ha. Five storm
events were sampled during April, October and November 2004 (Fig. 2). Precipita-
tion during the storms ranged from 8.4 mm to 76.6 mm and peak discharge ranged
between 4.7 L s1 and 7.0 L s1. Samples were collected at variable intervals e
ranging from 5 min at the beginning of the storm to 60 min at the end of the
storm e using Sigma 900 portable water samplers.
Stream discharge and water table elevation data were also gathered at this weir
site. Stage data from a 90-degree aluminium “V” notch weir were recorded at 15 min
intervals and converted to discharge using a rating curve generated from the rela-
tionship between observed discharge and stage. Water table elevation data were
recorded at 15 min intervals throughout the period at a gully edge dipwell that was
located some 3 m from the weir and 1.2 m from the gully edge. This dipwell isFig. 2. Chart showing: a) daily precipitation; b) stream discharge at the weir; c) water table e
catchment during 2004. Vertical shading represents the stormﬂow and baseﬂow survey peconsidered representative of a gully edge location since studies performed adjacent
to both drainage ditches cut into upland peat and gully systems show clear water
table drawdown within a zone extending 2.0e2.3 m from the ditches or gullies
(Stewart and Lance, 1991; Allott et al., 2009). Precipitation was measured at hourly
intervals using a Campbell Scientiﬁc tipping bucket rain gauge. All data were
recorded on Intelisys Sentry II data loggers.
2.3. Secondary data
The study also uses atmospheric deposition data from a bulk deposition
collector located at the River Etherow (located 4.9 kms to the NE of the Upper North
Grain at UK grid reference 4125 3986 at an altitude of 485 m asl) and fromWardlow
Hay Cop (located 35 kms to the SSE at UK grid reference 4177 3737 at an altitude of
350 m asl) which were provided by the UK Air Quality Archive managed by NETCEN,
part of AEA Technology Environment (AEAT), on behalf of the UK Department for
Environment, Food & Rural Affairs and the Devolved Administrations (http://www.
aeat.co.uk). These datawere used to determine ammonium and nitrate ﬂuxes during
the storm events, and for contextual material.
2.4. Field and laboratory measurements
Prior to use, all ﬁeld and laboratory equipment were soaked in 10% Decon
90 detergent solution overnight, and then soaked and rinsed with puriﬁed water
(ELGA PURELAB Option R7ewater quality<15Ucm). All water samples were ﬁltered
through Whatman 1.2 mm micro-ﬁbre ﬁlters to remove coarse particulates and then
ﬁltered through Whatman 0.45 mm membrane ﬁlters. Anion analyses (sulphate,
chloride and nitrate) were performed on a Dionex DX600 I.C. using a Dionex AS9-HC
column, AG9-HC guard column and Dionex NG1 column to remove humics. Ammo-
nium concentrations were determined by a Camspec M330 UVeVIS spectropho-
tometer using disposable plastic cuvettes with a path length of 10 mm and a capacity
of just over 1 mL. Thewavelength used for the absorptionwas 420 nm. Since many of
these water samples were discoloured due to dissolved organic carbon, ammonium
values were corrected by also measuring the pre-existing absorbance values at
420 nm, even if the samples appeared to be colourless (i.e. absorbance was measured
before and after the Nesslerization). Because the difference in absorbance valueslevation; and d) antecedent precipitation index (Foster, 1979), in the Upper North Grain
riods (after Daniels et al., 2008a,b).
Table 1
Summary of between-site baseﬂow hydrochemistry (after Daniels et al., 2008a,b).
NH4 e meq L1 SO4 e meq L1 NO3 e meq L1 DOC e mg L1
mean min max mean min max mean min max mean min max
Ashway Clough 69.1 20.0 132.5 63.4 7.7 97.6 3.6 <0.8 7.7 10.5 1.7 26.2
Black Chew Grain 60.2 5.5 167.4 153.9 31.4 274.4 8.3 <0.8 18.4 16.7 1.5 53.7
Hern Clough 26.1 3.9 54.9 146.4 65.2 276.5 9.6 <0.8 19.5 6.1 2.7 9.5
Oyster Clough 36.9 18.3 55.4 47.1 40.2 53.9 4.5 <0.8 8.2 14.8 10.6 19.0
Small Clough 120.3 77.1 163.6 37.2 33.3 41.0 <0.8 <0.8 <0.8 25.5 1.5 49.5
Torside 7.2 3.3 11.6 143.0 93.1 200.9 43.5 <0.8 101.0 3.4 2.4 6.4
Upper North Grain 50.9 8.3 119.2 88.6 23.5 204.7 7.3 1.1 19.2 14.8 3.6 29.0
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aliquot of 200 mL Nessler’s reagent (HgCl2 þ KOH) was then added to 1 mL of sample,
ensuring that all the ammonium reacted with the reagent, and then mixed in situ in
the cuvette. This was left for 10 min for the colour to develop. Absorbance was then
measured. After Nesslerization all sampleswere checked for any haziness arising from
the precipitation (or interference) of amino groups associated with the DOC (it is
important to check this since hazinesswould artiﬁcially increase the absorption of the
sample). If any sampleswent hazyas a result of this interference then theywouldhave
been rejected; this was not necessary for any of the samples presented in this study.
The standards were prepared in the same way using NH4Cl and the sample absor-
bencies were compared to the calibration standard absorbencies. Dissolved organic
nitrogen (DON) was not measured.
Dissolved organic carbon (DOC) was determined on un-acidiﬁed water samples
and measured by combustion using a Total Organic Carbon Analyser (Shimadzu
TOC-V CPN) equipped with an auto-sampler. DOC was calculated by subtracting
inorganic carbon from total carbon. A ﬁve-point calibration curve was constructedFig. 3. Box-plots representing: a) ammonium concentration; b) nitrate concentration; c) sul
by the density of catchment gullying. The charts representing DOC and sulphate are modiﬁ
black band the median; the whiskers are the minimum and maximum values that are not out
are extreme cases (i.e. >3 box lengths above the box).using KOH and NaHCO3. Calibrationwas checked after every 10 samples by repeating
the analysis for the upper (50 mg L1) and lower (1 mg L1) standards. If analytical
uncertainty was >2%, samples were repeated.
2.5. Data analyses
Due to the complexity, size and multi-variate nature of the dataset, bivariate
Pearson correlations were used to measure the degree of associations among the
hydrochemical variables. Relationships were considered signiﬁcant when p < 0.05.
Principal components analyses (PCA) were used to summarise inter-relationships
between hydrochemical variables for the within-site downstream surveys.
For the stormﬂow events input nitrate and ammonium ﬂuxes were calculated
from 2-weekly bulk wet deposition concentrations at the nearby Etherow bulk
deposition collector and from the amount of precipitation at the Upper North Grain
rain gauge. Output ﬂuxes for individual storms were established from discharge data
and the concentrations of dissolvednitrogen species. Chemical datawere not availablephate concentration; and d) DOC, for the between-site baseﬂow survey and categorised
ed after Daniels et al. (2008b). The box represents the 25th and 75th percentiles; the
liers; the small circles are outliers (i.e. >1.5 box lengths above the box); and the asterisk
Table 2
Pearson correlation coefﬁcients for nitrate, ammonium and DOC describing hydro-
chemical relationships in the between-site baseﬂow survey. Signiﬁcant (p < 0.05)
correlations are marked with an asterisk.
NO3 SO4 NH4 DOC DOC:DIN ratio
NO3 1 0.13 0.34 0.27 0.53*
NH4 0.34 0.56* 1 0.91* 0.02
DOC 0.27 0.52* 0.91* 1 0.14
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(typically 10e15 min) of the initial rising limb before auto-sampling commenced and
in some additional cases for recession limbs after auto-sampling ﬁnished. Nitrogen
species concentrations for these un-sampled periods were modelled using the
relationships between the nitrogen species, ammonium and nitrate, with stream
discharge within the individual storms (see Fig. 10). If hysteresis was observed then
the individual relationships during the rising and falling limbs were used.
3. Results
3.1. South Pennine between-site baseﬂow survey
Inorganic nitrogen concentrations encountered within the
headwaters sampled during the regional upland baseﬂow survey
were much higher than reported in comparable UK studies
(i.e. Helliwell et al., 2007a, 2007b) (Table 1). Ammonium was
detected in all streamwaters, mean ammonium concentration for
all the catchments was 52.3 meq L1, and mean nitrate concentra-
tion for the survey was 12.8 meq L1 although it was not present in
all the sampled streamwaters.
Catchments with high gully densities (Torside Clough, Hern
Clough and Black Chew Clough) typically possess streamwaters
with higher concentrations of sulphate and nitrate relative to DOC
and ammonium, than catchments with low gully densities (Oyster
Clough and Small Clough) (Fig. 3). It is also worth noting that: no
nitrate was detected in Small Clough, a catchment with a low
density of gullying, although these streamwaters had the highest
concentration of ammonium (>160 meq L1); Torside Clough,
a catchment with a high density of gullying, had the highest
concentration of nitrate (101 meq L1) and the lowest concentration
of ammonium; and the Upper North Grain, a catchment with an
intermediate density of gullying, possessed peak ammonium and
nitrate concentrations of 50.9 meq L1 and 19.2 meq L1 respectively,
values comparable to the overall mean. However, the statisticalFig. 4. Relationships between: a) DOC and ammonium (regression line based on all samp
non-signiﬁcant and based on all samples with NO3 > 8 meq L1, see text for explanation).signiﬁcance of this analysis is difﬁcult to assess due to the limited
size of some of the cluster groups.
Pearson correlation coefﬁcients show signiﬁcant (p < 0.05) nega-
tive correlations between ammonium and sulphate, and between
sulphate and DOC, and a signiﬁcant (p < 0.05) positive relationship
betweenDOC and ammonium (Table 2). Scatterplots show: signiﬁcant
(p < 0.05) positive relationships between DOC and ammonium
(Fig. 4a); and streamwaters typically possess either high concentra-
tions of nitrate or high concentrations of DOC. However, a curvilinear
negative relationship is observed between DOC and nitrate when an
arbitrary nitrate concentration threshold of 8 meq L1 is appliede this
may represent the threshold for nitrogen saturation in this system
(Fig. 4b).
3.2. Within-site spatial baseﬂow survey
The hydrochemistry of the streamwaters sampled in the within-
site spatial surveys are summarised as a PCA that explains 71% of
sample variance (Fig. 5). Of note is that a similar pattern can be
observed for all three surveys. Downstream, the hydrochemical trends
describe a transition from streamwaters with high concentrations of
DOC and ammonium to streamwaters with higher concentrations of
nitrate and sulphate. The samples furthest downstream possessmuch
higher concentrations of [Ca þ Mg] and inorganic carbon, perhaps
indicating an inﬂuxofwaters froma geogenic source (Fig. 6). There are
signiﬁcant (p < 0.05) downstream reductions in ammonium (Fig. 7a)
and DOC concentrations (Fig. 7b). Nitrate is only identiﬁable in
samples during the February sampling (mean ¼ 22.4 meq L1; range
3.2e35.5 meq L1) where a non-signiﬁcant downstream increase in
concentration was observed (Fig. 7c), although nitrate becomes the
dominant nitrogen species some 500 m down the stream system.
During this survey, however, DOC:DIN ratios show a signiﬁcant
(p < 0.05) downstream increase in inorganic nitrogen concentrations
with respect to carbon. NH4:NO3 ratios decrease indicating that
in-stream nitrate concentrations increase downstream with respect
to ammonium (Fig. 7d). We note a signiﬁcant (p < 0.05) positive
relationship between concentrations of ammonium and DOC (Fig. 8).
3.3. Within-site stormﬂow sampling
Although nitrate and ammonium were observed in stream-
waters during all ﬁve storms sampled at the weir, the highestles); and b) DOC and nitrate for the between-site baseﬂow survey (regression line is
Fig. 5. PCA correlation biplot of hydrochemistry from the within-site baseﬂow surveys
at the Upper North Grain. Arrows represent the gradients of the hydrochemical vari-
ables across the plot. The linked sample points indicate downstream hydrochemical
trends in the three separate surveys.
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were observed during the 21st April 2004 storm. Across all
stormﬂow samples Pearson correlation coefﬁcients show signiﬁ-
cant positive relationships (p < 0.05) between ammonium and
DOC, and signiﬁcant negative relationships (p < 0.05) between
nitrate and DOC (Table 3). There are also: signiﬁcant negative
correlations (p < 0.05) between water table elevation vs. nitrate,
ammonium and DOC; signiﬁcant negative correlations (p < 0.05)
between stream discharge vs. ammonium and DOC; and a signiﬁ-
cant (p < 0.05) positive relationship between stream discharge and
nitrate (Table 4). Temporal variations in nitrate, ammonium, DOC
and NH4:NO3 ratios and their relationships with discharge and
water table elevation are shown in Figs. 9 and 10. Similar patterns
are observed in all storms. Typically as stream discharge increases,
concentrations of nitrate increase, whilst ammonium and DOC
decrease, and vice versa (see Table 4). Also of note are the higher
concentrations of both ammonium and nitrate during the spring
storms relative to the autumn storms, and higher concentrationsFig. 6. Downstream evolution of total calcium and magnesium (Ca þ Mg) in the three
within-site baseﬂow surveys at the Upper North Grain.when water table elevations are low (although these latter rela-
tionships are less pronounced) (Fig. 10).
Correlations between nitrogen and DOC concentrations are
similar to those observed during the between-site and within-site
spatial surveys in that there are: signiﬁcant positive (p < 0.05)
correlations between concentrations of DOC and ammonium for
all the storms (Fig. 11a and Table 3); and signiﬁcant negative
relationships (p < 0.05) are observed between nitrate and DOC for
all storms except the 18th April and 21st October storms (Fig. 11b).
Furthermore, higher concentrations of DOC are evident during the
autumn storms than the spring storms;
3.4. Determination of DIN stormﬂow ﬂuxes
During the four storms sampled at the Upper North Grain weir
concentrations of ammonium are much higher in stream discharge
than observed in precipitation. Flux calculations suggest that the
amount of ammonium exported from the catchment is typically
around 3.4 times greater (range 1.7e6.7) than the amount of
ammoniumbeing deposited (Table 5, Fig.12).With respect to nitrate,
concentration values are similar in precipitation and stormﬂow
discharge, with the ﬂux calculations indicating that during storms
around 85% (range 49%e137%) of the nitrate deposited upon the
catchment is exported (Table 6, Fig. 12).
There are some uncertainties in these estimates of storm input
and output ﬂuxes. Modelled rather than measured water chemistry
data are used for parts of the storm hydrographs, although these
data relate to small fractions of the storm events when discharges
are relatively low and are therefore unlikely to introduce signiﬁcant
bias to the results. Theﬂuxcalculations also assume that two-weekly
bulk wet deposition data are representative of inputs to individual
storm events. The mismatch between the sampling timescales of
the bulk deposition collector (14 days) and the stormﬂow sampling
(14e25 h) could introduce error if deposition chemistry for
individual stormﬂow events were signiﬁcantly different to that of
the bulk data. However, the rainfall record (Fig. 2) indicates that
the bulk sampling periods were dominated by precipitation during
the sampled stormﬂow events. The use of bulk deposition data may
also result in underestimation of input ﬂuxes of inorganic N through
dry deposition effects after prolonged dry weather. However,
with the exception of the storm on 18 April which followed 8 days
without rain, antecedent conditions preceding the storms were wet
(Fig. 2). Although these uncertainties are not quantiﬁed, they are
unlikely to compromise the key result from the ﬂux calculations;
signiﬁcantly more ammonia is exported during stormﬂow events
than is deposited.
4. Discussion
This study of headwater hydrochemistry in South Pennines
catchments has demonstrated: that extremely high concentrations
of ammonium of up to 167 meq L1 are being leached into all studied
surface waters; and in more gullied catchments, the leaching
of nitrate with concentrations of up to 101 meq L1. This conﬁrms
that the region is at an advanced stage of nitrogen saturation and
that inorganic-N concentrations in the headwater streams are
signiﬁcantly higher than previously detected further downstream in
Peak District streams and reservoirs, or even elsewhere in upland
Britain (i.e. Cresser et al., 2005; Adamson et al., 1998; Helliwell
et al., 2007b).
In natural systems, ammonium is typically incorporated into the
microbial biomass (DEFRA, 2002) due to strong biological demand
(i.e. uptake) and is abiotically adsorbed and/or microbially trans-
formed by nitriﬁcation (Chapman and Edwards, 1999; Curtis et al.,
2011). It is clear, therefore, that the ammonium leaching from
Fig. 7. Downstream variation in the within-site baseﬂow surveys of: a) ammonium concentration (all surveys); b) DOC concentration (all surveys); c) nitrate concentration (Feb-04
survey only, as negligible nitrate was observed during the other surveys); and d) DOC:DIN and NH4:NO3 ratios (Feb-04 survey only).
S.M. Daniels et al. / Environmental Pollution 163 (2012) 261e272 267these acidic upland peatlands are a result of ammonium saturation.
The downstream patterns of ammonium and nitrate observed in
the within-site spatial survey (Fig. 7a and c), however, suggest that
whilst some in-stream nitrate is present as a result of leaching from
the peats into the headwaters, some may also be present as a result
of in-stream nitriﬁcation of ammonium leached from the peat. The
rapid decline in ammonium concentrations between the upstreamFig. 8. Relationship between DOC and ammonium in all samples from the three
within-site baseﬂow surveys.sampling sites indicates that this transformation is very rapid e
consistent with the results of dual isotope studies performed in
similar systems (i.e. Hamilton et al., 2001; Peterson et al., 2001;
Ashkenas et al., 2004; Curtis et al., 2011). The in-stream nitriﬁcation
results from increased aeration,which is essential for nitriﬁcation to
occur (INDITE, 1994; Paul and Clark, 1996), with the consequence
that surface waters will become acidiﬁed. An important implication
is that high levels of nitrate acidity observed further down these
stream systems (e.g. Evans et al., 2000; Shilland et al., 2006;
Helliwell et al., 2007b) result not only fromnitrate leaching from the
peat, but also from ammonium leaching and rapid within-stream
nitrogen processing; this is consistent with isotope studies per-
formed in similar systems (i.e. Hamilton et al., 2001; Peterson et al.,
2001; Ashkenas et al., 2004; Curtis et al., 2011).
A principle source for the ammonium is from the high atmo-
spheric nitrogen loading that the region receives (i.e. Evans et al.,
2000; Evans and Monteith, 2001; DEFRA, 2002), although
the ﬂux estimates from the storm discharge data suggests that
a second source may be from the mineralisation of organic
nitrogen due to ﬂuctuating water tables in the peat (i.e. INDITE,
1994; Paul and Clark, 1996). Typically, microbial activity e and
mineralisation e in wetlands decreases as acidity increases and
is suppressed by water logging and poor aeration of soils (INDITE,
1994). Conversely, enhanced ammonium concentrations areTable 3
Pearson correlation coefﬁcients for nitrate, ammonium and DOC describing hydro-
chemical relationships for the ﬁve storms sampled during the stormﬂow surveys.
Signiﬁcant (p < 0.05) correlations are marked with an asterisk.
NO3 NH4 SO4 DOC DOC:DIN ratio
NO3 1.00 0.07 0.42* 0.34* 0.79*
NH4 0.07 1.00 0.64* 0.70* 0.09
DOC 0.34* 0.70* 0.31* 1.00 0.60*
Table 4
Pearson correlation coefﬁcients for stream discharge and water table elevation
describing hydrochemical variables for the ﬁve storms sampled during the storm-
ﬂow surveys. Signiﬁcant (p < 0.05) correlations are marked with an asterisk.
DOC NH4 NO3
Discharge 0.82* 0.57* 0.34*
Water Table Elevation 0.30* 0.74* 0.42*
Fig. 9. Charts showing stream discharge (Q), water table elevation, nitrate concentration, am
sampled in the Upper North Grain: a) 18th April; b) 21st April; c) 21st October; d) 4th Nov
S.M. Daniels et al. / Environmental Pollution 163 (2012) 261e272268associated with low water tables during periods of drought.
For example, in the North Pennines large increases in soil solution
ammonium concentrations and a decrease in dissolved organic
nitrogen concentrations were observed during a 1995 drought
period (Adamson et al., 1998, 2001). These authors suggest that the
organisms involved in the ammoniﬁcation process beneﬁted from
the aeration that was caused by the reduced water tables, and thatmonium concentration, DOC concentration and NH4:NO3 ratio variation for the storms
ember; and e) 16th November.
Fig. 10. Data from the Upper North Grain stormﬂow surveys showing relationships between: a) stream discharge and ammonium concentration; b) stream discharge and nitrate
concentration; c) water table elevation and ammonium concentration; and d) water table elevation and nitrate concentration. All regressions are signiﬁcant (p < 0.05) except those
shown with a dashed regression line.
S.M. Daniels et al. / Environmental Pollution 163 (2012) 261e272 269the ammonium generated bymineralisation remains in the system
for some time and accumulates if water table depressions occurred
regularly.
The between-sites South Pennines regional survey showed
marked differences between catchments with high densities of
gullying compared with those with a low density of gullying (Fig. 3).
In catchments with high gully densities streamwaters typically
possess higher concentrations of sulphate and nitrate during
baseﬂows, relative to DOC and ammonia, although signiﬁcant
concentrations of the latter are also present. Many South Pennine
headwater catchments are eroding and suffer persistent water table
depressions at gully edge locations (Daniels, 2006; Daniels et al.,
2008a; Allott et al., 2009). These observations suggests that water
table drawdown enables persistent mineralisation, and accumula-
tion of ammonium to occur, whilst greater aeration also potentially
enables the excess ammonium to be nitriﬁed, as evidenced by the
higher nitrate concentrations in these baseﬂows.Streamwaters draining these more eroded catchments typically
possess signiﬁcant concentrations of anthropogenic sulphur despite
>30 years of declining sulphur emissions (Daniels et al., 2008b).
The sulphur, dating from the regions industrial past and stored as
dissimilatory reduced sulphate within water saturated peat, is now
being leached into the region’s surfacewaters as a result of persistent
water table drawdowns at gully edge locations (Daniels et al.,
2008b). These drawdowns deﬁne a thick erosional acrotelm that
is frequently aerated and ﬂushed (Daniels et al., 2008a). Leached
sulphates were identiﬁed as a potential suppressor of DOC with
a signiﬁcant number of headwaters possessing high relative
concentrations of DOC and low concentrations of sulphate, and vice
versa. This is in agreement with recent works performed on British
upland streams (i.e. Clark et al., 2005; Roulet andMoore, 2006; Evans
et al., 2006; Monteith et al., 2007; Daniels et al., 2008b). The strong
relationships identiﬁed between DOC and ammonium in the surveys
and stormﬂow sampling strongly suggests that ammonium is either
Fig. 11. Relationships between: a) DOC and ammonium concentration (all relationships are signiﬁcant (p < 0.05)); and b) DOC and nitrate concentration (all relationships are
signiﬁcant (p < 0.05) except the 18th April and 21st October storms) for the Upper North Grain stormﬂow survey dataset.
S.M. Daniels et al. / Environmental Pollution 163 (2012) 261e272270adsorbed by the peat, and is being exported as DOC bound ammo-
nium, or is being exported due to similar processes. The correlated
sulphate acidity may therefore be suppressing the decomposition e
ammoniﬁcation e and reducing DOC solubility in the more eroded
catchments, but the greater aeration associated with thewater table
drawdowns during baseﬂows, may be encouraging the nitriﬁcation
of excess ammonium to occur. Conversely, in catchments with
low gully densities streamwaters typically have higher relative
concentrations of DOC and ammonium during baseﬂows and lower
concentrations of nitrate and sulphate (Table 7). As is the case
with the more eroded catchments, during stormﬂows ammonium is
ﬂushed from the peat with DOC. Suppression of nitriﬁcation by
high concentrations of DOC, high concentrations of sulphate, or both
has previously been identiﬁed inwetlands (i.e. Paul and Clark, 1996;
Strauss and Lamberti, 2000; Strauss et al., 2002, 2004). Nitrifying
bacteria utilise CO2 (not organic carbon) as a carbon sourceTable 5
Storm event ammonium ﬂux estimates.
Storm Ammonium
concentration
in rain at the
AEAT Etherow
collector
e meq L1
Total ammonium
deposited over
catchment
during storm
emeq L1 m2
Total ammonium
exported from
catchment
during storm
e meq L1 m2
per storm
Exported
ammonium
to deposited
ammonium
ratio
Apr-18 2004 62 33 57 1.72
Apr-21 2004 53 12 84 6.69
Oct-21 2004 27 8 29 3.44
Nov-04 2004 46 20 38 1.89
Table 6
Storm event nitrate ﬂux estimates.
Storm Nitrate
concentration
in rain at the
AEAT Etherow
collector
Total nitrate
deposited over
catchment
during storm
e meq L1 m2
Total nitrate
exported from
catchment
during storm
e meq L1 m2
per storm
Exported
nitrate to
deposited
nitrate ratio
Apr-18 2004 49 90 85 0.95
Apr-21 2004 45 37 50 1.37
Oct-21 2004 37 40 20 0.49
Nov-04 2004 33 49 29 0.59(Strauss and Lamberti, 2002) and it has been hypothesised that
increases in organic carbon may inhibit or reduce nitriﬁcation
depending on carbon concentrations (Strauss and Lamberti, 2000).
Streamwaters draining the less eroded South Pennine catchments
typically possess higher levels of DOC and ammonium, which
may also be suppressing nitriﬁcation (Table 7). The low pH of these
streamwaters may also be a reason for the suppression of nitriﬁca-
tion, (i.e. Paul and Clark, 1996; Strauss et al., 2004). Curtis and
Simpson (2001) attributed a lack of nitriﬁcation in the nearby
River Etherow catchment to very acid soils withmean pH of 3.0e3.3.
Nitriﬁcation rates decline belowpH6.0 and becomenegligible below
pH 4.5, although the process can occur with lower pH providing
the ammonium supply is adequate (Novick et al., 1984; Kernan and
Allott, 1999), as is the case with some of these South Pennine
streamwaters.Fig. 12. Relationship between mean concentrations of nitrate and ammonium in
streamwater at the weir (error bars represent the range in streamwater concentrations
that was observed during the sampled storms) and concentrations in precipitation for
the sampled storm events (line represents 1:1 input:output ratio).
Table 7
Characteristics of catchments with either high or low densities of gullying.
Process Consequence
High gully
density
(i) Ammonium taken up by
vegetation and ﬂushed out
during stormﬂows with DOC
(ii) Sulphates suppressing DOC,
and hence ammonium,
leaching during baseﬂows
(iii) Greater aeration enables
nitriﬁcation of excess
ammonia
(i) Nitrate leached during
baseﬂows
(ii) Ammonium ﬂushed
with DOC during
stormﬂows
Low gully
density
(i) Ammonium taken up by
vegetation and ﬂushed out
during stormﬂows with DOC.
(ii) In-stream nitriﬁcation is
a rapid process due to
oxidation
(iii) Mineral and organic acids
suppress nitriﬁcation of
excess ammonia in soil waters
(i) Ammonium leached
during baseﬂows
(ii) Ammonium ﬂushed
with DOC during
stormﬂows
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This research has demonstrated an advanced stage of nitrogen
saturation in South Pennines headwater catchments, including
very high concentrations of ammonium that are much higher than
observed further downstream in Peak District streams and reser-
voirs, or even elsewhere in upland Britain (i.e. Cresser et al., 2005;
Adamson et al., 1998; Helliwell et al., 2007b). The high concentra-
tions are most probably a result of both continued high atmospheric
input and mineralisation of organic nitrogen stored in catchment
blanket peats. Since the excess ammonium is not being nitriﬁed
within the peat it accumulates and is subsequently leached into the
regions headwater streams. Rapid within-stream nitriﬁcation then
occurs, with nitrate concentrations exceeding ammonium concen-
trations within a few hundred metres. These headwaters represent
an ‘aqua incognita’ (sensu Bishop et al., 2008) in that established
monitoring networks in higher order streams are not adequately
representing the hydrochemical processes occurring in these
low-order upland headwater stream networks.
The impacts arising from the high current and past atmospheric
loadings in this region have been assessed using critical loads
models such as FAB (i.e. UBA,1996; UBA, 2004) and dynamicmodels
such as MAGIC7 (i.e. Cosby et al., 1986; Cosby et al., 2001) which are
lumped models calibrated on a regional or site basis. In the South
Pennines such calibrations are based on the region’s reservoirs
(i.e. Evans et al., 2000; Evans and Jenkins, 2000; Helliwell et al.,
2007b, 2007a) and the UKAWMN Etherow site (Shilland et al.,
2006), sites located much further downstream than the headwater
sites considered in this paper and therefore not experiencing the
high ammonium concentrations and particular nitrogen dynamics
observed during the present upland headwater study. Therefore, in
order to model these systems correctly spatially explicit models that
consider the evolution of streamwater chemistry from headwaters
to downstream monitoring points are required.
The research has also conﬁrmed that mire degradation, and
in particular peat erosion, is inﬂuencing the hydrochemistry of
these streamwaters. Many of the regions vast areas of acid-sensitive
ombrotrophic peat bogs, which are eroded by gullies that are
thought to predate the regions industrialisation, are sensitive to
climate change events such as the Early Mediaeval Warm Period
(AD 1100e1250) (Tallis, 1995, 1997), and/or the Little Ice Age (AD
1500e1850) (Rhodes and Stevenson, 1997). They are also located in
a marginal geographical location in that they are the most southerly
in northern England and receive lower rates of precipitation thanany other British upland peats (Tallis, 1997). This suggests they are
susceptible to changes in climate according to current models for
global warming (IPCC, 2006), potentially resulting in: enhanced
gullying; peat loss and bog contraction (Moore, 2002); enhanced
nitriﬁcation; and acidiﬁcation from inorganic nitrogen leaching. It is
therefore important that low-order headwater streams and associ-
ated hydrochemical processes are adequately considered in models
to assess the impacts of atmospheric loads on stream hydro-
chemistry, especially with respect to erosion, climate change and
reduced precipitation.
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